INTRODUCTION

43
Anaerobic ammonium-oxidizing (anammox) bacteria are chemolithoautotrophs with 44 anammoxosome, a unique organelle in which energy is generated by oxidizing ammonium 45 into nitrogen gas with nitrite as an electron acceptor (Jetten et al., 2005) . Anammox bacteria 46 are affiliated with the phylum Planctomycetes, and five candidatus genera (Brocadia, 47
Kuenenia, Jettenia, Scalindua, and Anammoxoglobus) and more than 25 species have been 48 Population shifts from one anammox genera or species to another were often 61 demonstrated in many studies (i.e., "Ca. B. fulgida" to "Ca. B. sp.40" (Park et al., 2010) , 62 "Ca. B. fulgida" to "Ca. K. stuttgartiensis" (Park et al., 2015) , "Ca. B. sp.40" to "Ca. K. L −1 , and pH of the bacterial cell suspension was adjusted to 7.6 (if required) with 0.1M HCl 116 and 0.1M NaOH. Thereafter, zeta potential was measured using a Zetasize Nano ZS 117 Instrument (Malvern. Inc., USA). The average values were calculated based on six replicate 118 measurements. The average contact angle and zeta potential were then used to calculate the 119 surface free energy for aggregation for the three enriched bacterial cultures. Thus, the 120 interaction energy as a function of distance between the bacterial cells was calculated 121 according to the extended DLVO theory (Liu et al., 2010; van Oss, 2008) . The total energy of 122 interaction (WT) can be obtained by addition of the electric double layer (WR), van der Waals 123 energies (WA) and the acid-base interaction (WAB). The total interaction energies were 124 expressed as a function of the separation distance H. The detailed calculations were presented 125 in the Supporting Information. 126
EPS extraction and composition analysis. 127
EPS was extracted from each MBR planktonic culture as described previously (Tan et 128 al., 2014) , with some modifications. Briefly, 50-ml of planktonic anammox bacterial cell 129 cultures were centrifuged at 12,000×g for 10 min. and the pellets were subjected to freeze-130 drying for 24 h. The weight of dried biomass was recorded. Then, the samples were re-131 suspended in 5 mL of 0.9% NaCl (w/v) solution with 0.6% formaldehyde (v/v) for 1 h at 4°C. 132
Subsequently, 2 mL of 1 M NaOH was added to the suspension and stored for 3h at 4°C 133 before collecting EPS at 12,000×g for 15 min at 4°C. The polysaccharide component of EPS 134
was measured using the phenol-sulfuric acid assay with glucose as the standard (DuBois et 135 al., 1956), whereas the protein component was quantified using the Lowry method with DC 136 protein assay kit (Bio-Rad; CA, USA), with bovine serum albumin as the standard. 137
X-ray photoelectron spectroscopy. 138
The XPS spectra were obtained by X-Ray Photoelectron Spectrometer (JEOL JPS-139 9010MX, Japan) to determine the elemental composition and functional groups in the EPS 140 extracted from the bacterial cells. A broad survey scan (20.0 eV pass energy) was used to 141 determine the major elemental component, and a high-resolution scan (70.0 eV pass energy) 142 was conducted for component speciation. 143
Nuclear magnetic resonance (NMR) analysis. 144
The lyophilised EPS samples were dissolved in 600 µL of deuterated water (D2O), 145
and then 550 µL of the solution was transferred to 5 mm NMR tubes. NMR spectra were 146 recorded using Bruker 950 MHz AVANAC III NMR spectrometer equipped with Bruker CP 147 TCI multinuclear CryoProbe (BrukerBioSpin, Rheinstetten, Germany). The 1 H NMR spectra 148 were recorded by collecting 4k scans with a recycle delay time of 5 s using excitation 
Quantitative PCR assays. 178
The specific TaqMan® qPCR assays were used to quantify the 16S rRNA gene copy 179 numbers of each anammox bacterial strain "Ca. B. sinica", "Ca. J. caeni" and "Ca. B. 180 sapporoensis". The TaqMan ® qPCR assays with specific primer sets and TaqMan ® probes 181 (Table S1) 
Bacterial surface properties. 199
To characterize the surface properties of anammox bacterial cells, the contact angles 200 against water, glycerol, and formamide were measured ( Table S2) potentials were also measured to evaluate surface electronegativity ( Table S2 ). The zeta 205 potentials of the three enriched anammox bacterial species were not significantly different. 206
The contact angle and zeta potential were then used to calculate the surface free 207 energy for aggregation as described in the Supporting Information ( Table 1) . The interfacial 208 free energy (ΔGadh) of "Ca. B. sinica" cells was -26.1 mJ m −2 , which was lower than those of 209 other anammox bacterial species, suggesting that the surface of "Ca. B. sinica" cells had 210 more free energy available for microbial adhesion. Compared to ΔGadh LW (the Lifshitz-van der 211
Waals interactions), ΔGadh AB (the Lewis acid-base interactions) had a higher absolute value 212 and therefore was a significant contributor to ΔGadh total of anammox biomass, namely the 213 Lewis acid-base interactions played a crucial role in the aggregation process. 214
The degree of cell-cell adhesion, initial aggregation step, was qualitatively 215 characterized using the extended DLVO theory. The different interaction energies (i.e. WT, 216 WR, WA and WAB) were calculated for all three anammox bacterial strains as a function of 217 distance between the bacterial cells (Fig. S2) . The results indicated that all anammox 218 bacterial cells had no obvious potential energy barrier. WA was active only for a short 219 distance, while the values of WAB were high for relatively long distances and negative for all 220 three anammox bacterial strains, implying that they attracted each other mainly through 221 hydrophobic interaction. 222 223
Characterization of EPS. 224
Further EPS analysis was required to explain the detailed mechanism of hydrophobic 225 interaction. The bacterial EPS was mainly composed of protein and polysaccharide, with 226 minor quantities of extracellular DNA, humic acids and lipids (Fig. 1) . 227
The elemental forms of EPS carbon were determined by narrow scan XPS C 1s 228 spectra. The XPS spectrum was analyzed by using an open source peak fitting software (XPS 229 Peak 4.1). The element C primarily comprised of four forms: C-(C/H), C-OH, C=O and O-230 C=O (Fig. 2) . In the EPS excreted by "Ca. B. sinica" cells, the element C form C-(C/H) 231 (carbon chain and hydrocarbyl) accounted for 62.8% (Table 2) , comprising the hydrophobic 232 components of EPS. This value was significantly higher than those of "Ca. J. caeni" (43.9%) 233 and "Ca. B. sapporoensis" (52.0%). Similarly, the hydrophilic carbon components in EPS 234 (i.e. C-OH, C=O and O-C=O) accounted for 37.2, 56.1 and 48.0% for "Ca. B. sinica", "Ca. J. 235 caeni" and "Ca. B. sapporoensis", respectively. This observation was consistent with the 236 results of surface thermodynamics, confirming the high hydrophobic nature of "Ca. B. 237 sinica" cells. 238
1 H NMR fingerprint of EPS. 239
The 1 H solution-state NMR spectrum of EPS was determined at 950 MHz (Fig. 3) . 240
Chemical shift assignment and interpretation of different peaks were carried out based on 241 existing data reported in the literature (Gonzalez-
aldehyde and/or aromatic substances groups, respectively. Within the aliphatic group, the 245 peaks between 0.5 -1.0 ppm could be assigned to methyl groups mainly from peptides. The 246 peak regions between 1.0 − 1.5 ppm and 1.5 − 2.2 ppm correspond to CH2γ to COOH and β 247 to COOH, respectively. Peaks between 2.2 − 3.6 ppm, 3.6 -4.0 ppm, 4.0 -4.6 ppm and 5.0 − 248 5.3 ppm were assigned to carbohydrate, sugar ring protons, alginate, and anomeric protons 249 (carbohydrate), respectively. The peak broadening in the sugar region suggests that the EPS 250 samples of "Ca. B. sinica" and "Ca. J. caeni" contained large molecules such as alginate-like 251 polysaccharides (Gonzalez-Gil et al., 2015). Gray dotted line in Fig. 3 shows that "Ca. B. 252 sinica" and "Ca. J. caeni" contained more alginate-like polysaccharides than "Ca. B. 253 sapporoensis". In aldehyde and/or aromatic substances group, the peak regions were assigned 254 as 6.2 − 6.8 ppm (aromatic amino acid side chains), 6.8 − 7.4 ppm (substitute aromatics) and 255 7.4 − 8.5 ppm (aldehydes). The 1 H NMR peak regions were integrated and normalized for 256 relative quantification (Fig. 4) , which revealed that alginate content was slightly higher in 257 "Ca. B. sinica" as compared to the other anammox species evaluated. (Fig. S3) , and ultimately at the end of reactor operation 274 microbial aggregate size grew to 2-5 mm (Fig. S4) . The microbial community in the 275 aggregates were monitored by measuring 16S rRNA gene copy number as shown below. 276
Population dynamics in the column reactors. 277
The MBR enrichment cultures that were inoculated into the column reactors (R1, R2, 278 and R3) were dominated by "Ca. B. sinica" (91.4%), "Ca. J. caeni" (75.8%) and "Ca. B. 279 sapporoensis" (98.1%), respectively (Fig. 6) . The "Ca. J. caeni" culture was less enriched as 280 compared to the other anammox cultures. It should be noted that the EPS of "Ca. J. caeni" 281 may contain the EPS excreted by other bacteria, which should be taken into consideration for 282 meaningful comparison. In the reactor R1, the relative abundance of "Ca. B. sinica" 283 increased from 91.4 to 99.8% during the operation, whereas the anammox bacterial 284 populations shifts from "Ca. J. caeni" to "Ca. B. sinica" and "Ca. B. sapporoensis" to "Ca. B. 285 sinica" were observed in the reactors R2 and R3, respectively. The lower NRR in R3 could 286 be attributed to the population transition of "Ca. B. sapporoensis" to "Ca. B. sinica" and it 287 took a while by "Ca. B. sinica" to grow in a critical mass to achieve nitrogen removal rates. 288 289
DISCUSSION 290
Besides its biogeochemical significance, the anammox process has attracted a great 291 deal of attention as an energy-efficient and environment-friendly wastewater treatment 292 process. In biological wastewater treatment systems, bacterial cell aggregation is essential for 293 efficient liquid/solid separation and biomass retention. In anammox-based nitrogen removal 294 systems, biomass retention is the key to successful start-up and stable operation of the 295 systems due to relatively slow growth rates of anammox bacteria. Besides, granular sludge 296 demonstrated quicker recovery after starvation and/or chemical inhibition (Ali et al., 2015b; 297
Lotti et al., 2014). The formation of anaerobic granules is considered to be a multi-step 298
process, and both physicochemical and biological parameters are involved complicatedly. 299
The interactions between bacterial cells include, but not limited to, repulsive 300 electrostatic forces, attractive van der Waals forces, and hydration interaction (van Oss, 301 1995). According to a thermodynamics theory, if an adsorption process could lead to the 302 decrease in the system free energy, adsorption will occur spontaneously (Tanford, 1979 The significance of hydrophobic interaction on all three anammox bacterial strains 316 was verified by extended DLVO approach. The extended DLVO theory accounts for van der 317 Waals, electrostatic, and acid-base interaction energies between bacterial cells as a function 318 of their separation. For all types of anammox culture, electric double layer (WR) was not so 319 influential due to its small absolute value. Further, according to the zeta potentials ( Table  320 S2), the three enriched anammox bacterial cells had similar electronegative functional 321 groups. Van der Waals interaction (WA) plays a role when the distance between two microbial 322 cells is short enough (less than 0.1 nm). However, as the distance increases, the dominant role 323 turns out to be hydrophobic interactions (WAB). Hydrophobic interactions have the same 324 range as, but are about an order of magnitude stronger than, van der Waals interactions 325 (Israelachvili, 2011). In a previous study, the hydrophobic interaction was reported to be the 326 most significant long-range force in the formation of "Ca. B. fulgida"-dominated sludge 327 aggregation (Hou et al., 2015). As a comparison of the hydrophobic interactions among three 328 anammox strains, the interfacial free energy (ΔGadh AB ) of "Ca. B. sinica" cells had a higher 329 absolute value, and the acid-base interaction energy (WAB) was negative and had longer 330 separation distance as compared to other two strains. This indicates that "Ca. B. sinica" cells 331 had stronger hydrophobic interaction than other anammox cells. 332
Bacterial aggregation is not only a surface chemistry process, but many unidentified 333 biological components and factors are involved, which precludes one from building a purely 334 physical model. Alginate-like exopolysaccharides were proposed to be responsible for 335 maintaining the gel-like structure of aerobic and anaerobic granules 336 (KS) for nitrite was determined to be 34 ± 21 μM for "Ca. B. sinica", 35.6 ± 0.92 μM for "Ca. 353 J. caeni", and 5 ± 2.5 μM for "Ca. B. sapporoensis", respectively. Based on these kinetic 354 parameters, the Monod growth curves were drawn (Fig. S5) . "Ca. B. sinica", which has the 355 highest μmax, could outcompete the other anammox species at a nitrite concentration of > 17-356 30 μM, only below which "Ca. B. sapporoensis", which has the highest affinity to NO2 − 357 (lowest Ks) among the three species, would overgrow. "Ca. J. caeni" could be outcompeted 358 by other two species under any nitrite concentration. However, it is emphasized that these 359 growth kinetics parameters were derived from free living planktonic cultures, which has no 360 substrate gradients, in contrast to the aggregated cell cultures. 361
It is noted that anammox bacterial density exhibited the similar increasing trend as the 362 NRRs only in R1, which was dominant by "Ca. B. sinica" throughout the operation period. In the current study, the EPS was extracted from the highly enriched planktonic 375 anammox cultures that were harvested from the MBR operating under the similar steady-state 376 condition, and then were characterized in detail to determine their aggregation potential. To 377 verify the aggregation ability, the planktonic free-living anammox bacterial cells were 378 inoculated and cultured in up-flow column reactors equipped with a glass filter at the outlet 379 port. The role of the glass filter was to preferentially retain aggregated bacterial cells in the 380 column reactor. In all the three column reactors, "Ca. B. sinica" dominated (Fig. 7) after 381 three-month operation due to its high aggregation ability and growth rate. Therefore, it was 382 not worthwhile characterizing EPS during the up-flow column reactor operation since EPS 
